Transient receptor potential melastatin 8 (TRPM8) is a coldsensitive ion channel with diverse physiological roles. TRPM8 activity is modulated by many mechanisms, including an interaction with the small membrane protein phosphoinositide-interacting regulator of TRP (PIRT). Here, using comparative electrophysiology experiments, we identified species-dependent differences between the human and mouse TRPM8 -PIRT complexes. We found that human PIRT attenuated human TPRM8 conductance, unlike mouse PIRT, which enhanced mouse TRPM8 conductance. Quantitative Western blot analysis demonstrates that this effect does not arise from decreased trafficking of TRPM8 to the plasma membrane. Chimeric human/mouse TRPM8 channels were generated to probe the molecular basis of the PIRT modulation, and the effect was recapitulated in a pore domain chimera, demonstrating the importance of this region for PIRT-mediated regulation of TRPM8. Moreover, recombinantly expressed and purified human TRPM8 S1-S4 domain (comprising transmembrane helices S1-S4, also known as the sensing domain, ligand-sensing domain, or voltage sensing-like domain) and full-length human PIRT were used to investigate binding between the proteins. NMR experiments, supported by a pulldown assay, indicated that PIRT binds directly and specifically to the TRPM8 S1-S4 domain. Binding became saturated as the S1-S4:PIRT mole ratio approached 1. Our results have uncovered species-specific TRPM8 modulation by PIRT. They provide evidence for a direct interaction between PIRT and the TRPM8 S1-S4 domain with a 1:1 binding stoichiometry, suggesting that a functional tetrameric TRPM8 channel has four PIRT-binding sites.
Transient receptor potential melastatin 8 (TRPM8) 2 is a temperature-sensitive ion channel that activates at temperatures below 25°C; it is considered the primary cold sensor in mammals (1, 2) . Besides temperature, TRPM8 activity is modulated by a variety of stimuli, including small molecules (the most well-known of which is menthol), pH, and the phospholipid phosphoinositide 4,5-bisphosphate (PIP 2 ) (3, 4) . Although TRPM8 function is typically considered in the context of sensory physiology, TRPM8 also has important roles in other physiological processes such as pain (5) , core body temperature regulation (6 -8) , body weight regulation (9) , vasoconstriction regulation (10), and osmolality sensing (11) . Understanding the regulation of TRP channel activity, including TRPM8, is currently an area of much investigation and debate.
TPRM8 activity is also modulated by a phosphoinositideinteracting regulator of TRP (PIRT), a small two-span membrane protein (12, 13) . PIRT was originally identified as a regulator of TRPV1, and it is exclusively expressed in dorsal root ganglia, trigeminal ganglia, and enteric neurons of the peripheral nervous system (14) . PIRT knockout mice exhibit impaired temperature response to both hot and cold temperatures, and electrophysiology and calcium imaging studies demonstrated that both TRPM8 and TRPV1 activity are enhanced in the presence of PIRT (12, 14) . In addition, PIRT was shown to contribute to visceral pain sensation (15) , bladder activity regulation (16) , and TRPV1-dependent and -independent itch (pruritus) sensation (17) , suggesting broader physiological roles and underscoring the biological importance of this modulatory protein. Coimmunoprecipitation experiments show that PIRT interacts with TRPV1 and TRPM8, suggesting that the regulation is mediated via a direct interaction with the channel (14) . Cell-surface trafficking experiments indicate that enhanced channel activity in mice is not caused by changes in expression levels or channel trafficking, supporting the idea that PIRT enhances channel activity by interacting directly with the channels rather than increasing the number of channels in the membrane (12, 14) . More recently, it was shown that PIRT works synergistically with PIP 2 to enhance TRPM8 currents by increasing conductance at the single channel level (13) . However, the details of this interaction including the binding site and stoichiometry of PIRT to TRPM8 are unknown.
Notably, these studies were carried out using mouse models and apparently heterologous expression of the mouse Pirt and Trp channel genes. TRP channels exhibit remarkable functional and sequence diversity not only between different channels in the family, but also between orthologs, i.e. the same gene product from different species (18, 19) . These differences can manifest as important selected features between species; for example, the thermosensitivity of different species of TRPM8 is evolutionarily tuned to the appropriate temperature range based on organismal core body temperature and environment (20) , and avian TRPV1 is insensitive to capsaicin, a potent agonist of the mammalian ortholog, which allows for seed disbursement (19) .
The results of this study focus on the human TRPM8 and PIRT gene products and for the first time reveal that in contrast to the increased conductance seen in the mouse proteins, human TRPM8 currents are attenuated in the presence of human PIRT. Analogous to previously published mouse studies, human PIRT does not reduce human TRPM8 cell-surface expression. Additionally, nuclear magnetic resonance (NMR) chemical shift perturbation and in vitro pulldown experiments show that PIRT binds specifically to the S1-S4 domain of TRPM8, with a 1:1 stoichiometry. Transmembrane domain chimeras of human/mouse TRPM8 show that residues in the transmembrane domain (helices S1-S6), and in particular the pore domain (S5-S6), are the basis for modulation by PIRT and the species differences observed. These results shed light on the PIRT-TRPM8 interaction and reveal that the PIRT-TRPM8 complex has evolved in a species-dependent manner.
Results

PIRT modulation of TRPM8 is species-dependent
Whole-cell patch clamp electrophysiology was used to measure current responses of human embryonic kidney (HEK) 293 cells that were transiently transfected with either human TRPM8 and human PIRT or human TRPM8 and empty vector ( Fig. 1A) . Current responses to voltage steps from Ϫ100 to ϩ100 mV were recorded using a standard step protocol ( Fig.  1D ). At ambient room temperature (ϳ23°C), recordings of cells transfected with both human TRPM8 and PIRT resulted in significantly reduced currents compared with cells transfected with human TRPM8 and an empty pIRES2-DsRed vector at voltages of ϩ60 mV and above; at ϩ100 mV, cells transfected with human PIRT showed on average ϳ69% of the current measured from cells expressing hTRPM8 alone.
We further tested hPIRT modulation of hTRPM8 in the more physiologically relevant context of low temperature and menthol stimuli. In the presence of a TRPM8 saturating concentration of menthol (500 M) (21), current from human PIRT-transfected cells was significantly reduced at and above ϩ30 mV, with ϳ65% of the maximum current observed at ϩ100 mV ( Fig. 1B) . At 15°C, a TRPM8 saturating temperature, human PIRT-transfected cells exhibited significantly attenuated currents at all measured voltages except Ϫ90 mV. At ϩ100 mV, cells expressing hPIRT exhibited ϳ54% of the current evoked from TRPM8 alone (Fig. 1C ). Temperature-dependent inward hTRPM8 currents were significantly reduced at physiological voltages (Fig. 1C ). Statistical significance was deter-mined by an unpaired Student's t test; a minimum of 15 and maximum of 43 cells were measured for these conditions and clearly specified in Fig. 1 .
Mouse PIRT (mPIRT) has previously been established as an endogenous regulator of TRPM8 that enhances TRPM8 currents (12) . Using whole-cell patch clamp experiments, we were able to reproduce these results using the mouse orthologs, with mTPRM8 currents significantly higher in the presence of mPIRT. We note that the hTRPM8 currents are about twice the magnitude of mTRPM8 currents when PIRT was not expressed, highlighting the inherent functional differences between the two TRPM8 orthologs ( Fig. 2A ). Cross-species expression of PIRT with TRPM8 (e.g. hTRPM8/mPIRT) did not result in significant differences in currents ( Fig. 2B ).
Previous studies have shown that TRP channel activity can be modulated by associated proteins that regulate channel trafficking to the membrane (22) . To test whether hPIRT affects hTRPM8 trafficking, we performed cell-surface expression experiments on HEK-293 cells transfected with human TRPM8 alone or with human TRPM8 and PIRT. Western blotting quantification from three independent experiments showed no significant difference in hTRPM8 plasma membrane expression levels in the presence and absence of hPIRT expression, confirming that hPIRT does not affect hTRPM8 membrane trafficking ( Fig. 3A ). This agrees with previous similar studies of the mouse orthologs, which show that mouse TRPM8 membrane trafficking is also not affected by mouse PIRT coexpression and that mouse PIRT increases single channel conductance (12) (13) (14) .
PIRT interacts directly with the TRPM8 S1-S4 domain
Previously reported co-immunoprecipitation studies indicate that mTRPM8 and mPIRT interact in the context of HEK-293 cells (12) . In particular, the C-terminal 26 residues of PIRT were shown to bind to both TRPV1 and TRPM8; additionally, a glutathione S-transferase-tagged form of the PIRT C terminus was shown to modulate currents from these two channels (12, 14) . However, a follow-up study using mTRPV1 and mPIRT fused to fluorescent proteins detected no FRET signal (23) . To date, nothing has been published regarding which regions of TRPV1 or TRPM8 interact with PIRT. To further probe the molecular basis of the TRPM8 -PIRT complex, we performed an in vitro pulldown experiment. Given that PIRT is a small transmembrane protein, we reasoned that it likely interacts with a transmembrane region within TRPM8. TRP channels have a transmembrane topology similar to voltage-gated potassium channels, with six transmembrane helices that form an S1-S4 domain and a pore domain (S5-S6 helices) (18) . Using purified hPIRT and hTRPM8 S1-S4 domains, where only the hPIRT protein contained a histidine affinity tag, the two proteins were mixed, bound to Ni-NTA resin, washed extensively (Ͼ50 column volumes) and eluted from the column. Analysis of the eluted fractions by SDS-PAGE showed that both hPIRT and hTRPM8 S1-S4 domains were eluted from the mixture, demonstrating that hPIRT interacts directly with the hTRPM8 S1-S4 domain as shown in Fig. 3B . The pulldown experiment was performed twice and
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had consistent results in showing the hTRPM8 S1-S4 domain-PIRT interaction.
To further study this interaction, we performed an NMR titration of 15 N-labeled hPIRT with hTRPM8 S1-S4 domain. We used 1 H, 15 N-TROSY-HSQC experiments to measure 1 H and 15 N chemical shifts of hPIRT with increasing concentrations of the hTRPM8 S1-S4 domain (Fig. 4 , A and C). A number of hPIRT resonances exhibited significant chemical shift perturbation (⌬␦) with increasing hTRPM8 S1-S4 domain concentrations. Fig. 4 highlights two representative resonances ( Fig. 4B ) and plots the change in chemical shift (⌬␦) as a function of the hTRPM8 S1-S4:hPIRT mole ratio ( Fig. 4D ). Fitting a single binding site model to these plots shows that binding becomes saturated as the molar ratio approaches 1 (Fig. 4D ).
The saturating chemical shift changes of these resonances indicate that the perturbation is the result of direct and specific binding interactions. The calculated K d values for the two highlighted resonances were near a molar ratio of ϳ0.5. As a negative control, we expressed and purified the voltage-sensing domain of KCNQ1 (KCNQ1-VSD), a voltage-gated potassium channel that is structurally homologous to TRPM8 but has not been shown to be modulated by PIRT. The TROSY-HSQC titration data of hPIRT and KCNQ1-VSD ( Fig. 4 , E and F) indicates that hPIRT does not bind to KCNQ1 as there is nonsaturating and minimal chemical shift perturbation identified in this control experiment. These data confirm the pulldown experimental results and show that hPIRT binds specifically and directly to the hTRPM8 S1-S4 domain with a 1:1 binding stoichiometry. A, average current traces and current-voltage plot of whole-cell patch clamp electrophysiology recordings of HEK-293 cells expressing hTRPM8 or hTRPM8 and hPIRT taken at ambient temperature (23 Ϯ 1°C). Current-voltage plots are of steady-state current values taken from the time point indicated by an arrow in the average current traces. At ambient temperature, hTRPM8 currents are significantly attenuated at voltages above ϩ60 mV when coexpressed with hPIRT. B, upon stimulation with saturating menthol concentrations (500 M), hTRPM8 currents are significantly attenuated at voltages above ϩ30 mV. C, cold-evoked currents were significantly attenuated at all measured voltages with the exception of Ϫ90 mV. An expanded view of negative potentials (bottom right) shows that hPIRT significantly attenuates cold-evoked currents at physiological membrane potentials. D, the voltage step protocol used to record current responses from Ϫ100 to ϩ100 mV in 10 mV steps with a holding potential of Ϫ80 mV between steps. Statistical significance was determined using a two-tailed Student's t test; single asterisk indicates p Ͻ 0.5, double asterisk indicates p Ͻ 0.01. Red triangles represent cells transfected with human TRPM8 and empty control vector DNA; gray circles represent cells transfected with human TRPM8 and PIRT DNA. Error bars represent mean Ϯ S.E.
Species-dependent modulation of TRPM8 by PIRT Functional determinants of PIRT modulation in the TRPM8 transmembrane domain
Chimeric ion channels have proven a valuable research tool for identifying molecular bases of channel regulatory mechanisms and of functional differences between orthologues (19, 24 -26) . To probe the functional determinants of TRPM8 modulation by PIRT, we generated a series of mouse and human TRPM8 chimeras to search for regions that give rise to speciesspecific phenotypes. The transmembrane core is known to be the nexus of TRP channel integration of stimuli. Because of this and the concise nature of PIRT, we chose to focus our search on this region, and we generated a series of transmembrane domain (TMD) chimeras. Based on sequence homology with other TRP channels for which cryo-EM structures have been solved, we defined the TMD as residues 672-1012. Within this region, there are only 11 residues that are different between mouse and human TRPM8. A recently determined cryo-EM structure of Ficedula albicollis TRPM8 allowed us to map these residues to specific regions in the channel ( Fig. 5A) (27) . Two divergent residues are found in the helical pre-S1 domain, four in the S2 helix, three in the pore loop, one in the S6 helix, and one in the TRP helix. We mutated residues in mTRPM8 to the corresponding residues found in hTRPM8 to generate three chimeric channels: mTRPM8 hTMD , which includes all 11 residues from hTRPM8; mTRPM8 hS1S4 , which includes only hTRPM8 residues from the S1-S4 domain; and mTRPM8 hPD , which includes hTRPM8 residues from the pore domain and TRP helix ( Fig. 5B ). We performed electrophysiology measurements to determine whether these chimeras reproduce the human phenotype in the presence of human PIRT.
The mTRPM8 hTMD construct produced a phenotype similar to hTRPM8 in the presence of hPIRT. When coexpressed with hPIRT, the channel exhibited 67 Ϯ 13% of the current density without hPIRT at ϩ100 mV with 500 M menthol; this is close to the reduction observed with WT hTRPM8 and hPIRT (vec-tor only, n ϭ 15; hPIRT, n ϭ 15; p ϭ 0.03). This channel exhibited no difference in current when expressed with or without mPIRT, suggesting that the TMD plays a key role in the modulatory effect (Fig. 5C ). The mTRPM8 hS1S4 channel also exhibited a decreased average current density to 67 Ϯ 13% of the current without hPIRT; however, a Student's t test resulted in a higher p value (vector only, n ϭ 14; hPIRT, n ϭ 14; p ϭ 0.1) ( Fig.  5C ). Finally, mTRPM8 hPD showed significantly decreased current density to 75 Ϯ 10% of the current without hPIRT (vector only, n ϭ 12; hPIRT, n ϭ 13; p ϭ 0.03) ( Fig. 5C ). Taken together, these results point to the transmembrane domain, and particularly the pore domain, as key functional determinants of TRPM8 modulation by PIRT.
Intriguingly, the mTRPM8 hPD chimera showed significantly increased currents compared with the other chimeras ( Fig. 5D ). An analysis of variance test showed a significant difference between the three groups (p ϭ 0.0001; F ϭ 11.4121) and a Tukey HSD test showed a significant difference between mM8 hPD and mM8 hS1S4 (p ϭ 0.004), and between mM8 hPD and mM8 hTMD (p ϭ 0.0002), but not between mM8 hS1S4 and pA/pF , human PIRT directly binds the TRPM8 S1-S4 domain. His 6 -hPIRT was mixed with the tag-cleaved hTRPM8 S1-S4 domain and the complex was bound to a Ni-NTA column. Coomassie-stained SDS-PAGE revealed that hTRPM8 S1-S4 domain coelutes with PIRT, indicating that the two proteins bind directly.
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mM8 hTMD (p ϭ 0.6). WT mTRPM8 current density was also significantly lower compared with WT hTRPM8; thus, the five mutations in the pore domain and TRP helix are sufficient to confer higher, human-like current density to the mTRPM8 chimera.
Discussion
PIRT has previously been shown in behavioral knock-out mice studies to be important in thermosensation via regulation of the thermosensitive TRP channels TRPV1 and TRPM8, demonstrating that the biophysical effects of PIRT on TRPM8 are functionally significant at the organismal level (12, 14) . These studies focused on mouse orthologs of both the Trp channel and Pirt genes. Here, we present data from the human orthologs and show that the human PIRT-TRPM8 interaction results in an opposite modulatory effect compared with the mouse proteins.
Previous studies have investigated PIRT binding with TRP channels. Dong and co-workers (14) expressed the first 53 residues of the N terminus and the last 26 residues of the C terminus fused to glutathione S-transferase tags and performed a pulldown assay with mouse TRPV1 and TRPM8. Their results indicate that the PIRT C and N termini bind strongly and weakly to the two TRP channels, respectively (14) . However, as whole cell lysate was used, these data do not rule out an indirect interaction with other partner proteins in the complex. A sec- . NMR studies show that human PIRT directly binds to the TRPM8 S1-S4 domain. Titration of 15 N-labeled hPIRT with unlabeled hTRPM8 S1-S4 domain was performed. A, overlaid 1 H, 15 N-TROSY-HSQC spectra from samples with varying hTRPM8 S1-S4 domain:hPIRT mole ratios from 0 to 2. Individual amino acid resonance chemical shift perturbations are highlighted by boxes 1 and 2. The chemical shifts of these resonances show evidence of saturable binding at elevated TRPM8 S1-S4 domain concentrations. B, expanded view of the chemical shift perturbations highlighted in A; note that in box 2 of B the spectral contours are raised such that the resonances are more easily observed. C, the mole ratio legend for the titration of hPIRT with hTRPM8 S1-S4 domain. D, normalized change in chemical shift (⌬␦) values from both resonances were plotted as a function of hTRPM8 S1-S4 domain:hPIRT mole ratio. The data were fit to a single binding site model using the equation: f((⌬␦) ϭ (⌬␦)(⌬␦ max )/K d ϩ ⌬␦). K d values for resonances 1 and 2 were calculated to be 0.50 Ϯ 0.11 and 0.41 Ϯ 0.07, respectively, both with r 2 coefficients of 0.98. E, overlaid 1 H, 15 N-TROSY-HSQC spectra from samples with varying concentrations of the KCNQ1-VSD. The lack of PIRT chemical shift perturbation upon addition of the KCNQ1-VSD suggests that it does not interact with PIRT. F, an equivalent ⌬␦ plot for KCNQ1-VSD:PIRT showing that there is no significant chemical shift perturbation to the corresponding PIRT resonances from A upon addition of KCNQ1-VSD to PIRT. G, concentration legend for the PIRT-KCNQ1-VSD titration.
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ond study by Gordon and co-workers (23) used a Förster resonance energy transfer (FRET) approach where fluorescent proteins were genetically fused to the termini of TRPV1 and PIRT and the fluorescent signal was measured in HEK-293 cells. No FRET signal was observed; nevertheless, the lack of FRET signal does not necessarily rule out an association between the proteins, as this negative result could potentially occur for a number of reasons, such as suboptimal structural arrangement of the fluorophores (23) . The lack of FRET could arise because the fluorophore was fused to the C terminus of PIRT, which is implicated in TRP channel binding (14) . Also, given the relatively small size of PIRT (ϳ15 kDa) compared with the size of the YFP fluorophore (ϳ26 kDa), it is possible that the C-terminal tag could sterically interfere with the TRPV1-PIRT interaction.
Our data indicate that the TRPM8 S1-S4 domain binds specifically with PIRT in a 1:1 binding stoichiometry. This association is demonstrated using two different methods that show a direct interaction between the two proteins. In functioning TRP channels, the S1-S4 domain is positioned at the periphery of the tetrameric channel with the conducting pore in the center. The molecular mechanism of TRP channel gating is currently under investigation; however, the gating mechanism of similarly structured voltage-gated potassium (K V ) channels is better established. It is known that the S4 helix within the voltage-sensing domain of K V channels is responsible for opening the gate upon membrane depolarization (28) . Thus from an evolutionary standpoint it is possible that the structurally homologous S1-S4 domain of TRP channels is involved in channel gating. Recent studies of TRPM8 and TRPV1 identify the respective S1-S4 domains as central to ligand binding and activation (29, 30) . The 1:1 stoichiometry we observed suggests a possible mechanism of fine-tuning TRPM8 activity; each channel has four S1-S4 domains, so it may be possible that up to four PIRT proteins can interact with the channel (Fig. 6 ). Different levels of PIRT expression could result in varying degrees of attenuation for the human channel (or activation for the mouse channel), as has recently been shown with K V channel-interacting proteins (31) .
Mounting evidence points to the complex role of regulatory proteins in TRP channel function. Gkika et al. (22) recently reported a family of TRPM8-associated proteins found in prostate cells. These TRP channel-associated factors regulate TRPM8 trafficking to the plasma membrane as well as kinetic states at the single channel level (22) . Weng et al. (32) reported that a protein known as Tmem100 enhances TRPA1 activity by 709  Phe  Leu  Pre-S1  717  Val  Ile  Pre-S1  766  Pro  Thr  S2  770  Val  Ile  S2  773  Ser  Ala  S2  788  Val  Met  S2  921  Gly  Ser  Pore loop  927  Ala  Ser  Pore loop  932  Thr  Ser  Pore loop  985  Thr  Ile  S6  1007 Ser Asn TRP helix mTRPM8 hTMD mTRPM8 hS1S4 mTRPM8 hPD Figure 5 . Mouse-human chimeric channels demonstrate functional determinants of TRPM8 modulation by PIRT. A, divergent residues in the transmembrane domains of human and mouse TRPM8. B, topology plots illustrating the locations of divergent residues in each chimeric construct. The full transmembrane domain has 11 mutations, the S1-S4 domain has six, and the pore domain has three. C, current-voltage plots showing attenuation of currents when chimeric channels are coexpressed with hPIRT. Measurements were made at ambient temperature (ϳ23°C) in the presence of 500 M menthol (mTRPM8 hTMD , n ϭ 15; mTRPM8 hTMD ϩ hPIRT, n ϭ 15; mTRPM8 hS1S4 , n ϭ 14; mTRPM8 hS1S4 ϩ hPIRT, n ϭ 14; mTRPM8 hPD , n ϭ 12; mTRPM8 hPD ϩ hPIRT, n ϭ 13). D, jitter plot of steady-state current density from individual cells at ϩ100 mV in the presence of 500 M menthol. Human PIRT significantly attenuates the current response from mTRPM8 hTMD and mTRPM8 hPD chimeras. Average current from mTRPM8 hS1S4 channels is also lower but not to a significant degree. All error bars represent mean Ϯ S.E. Red circles represent cells transfected with a TRPM8 chimera and vector, gray circles represent cells transfected with a TRPM8 chimera and human PIRT, and black circles represent average current density.
modulating the physical association of a TRPA1-TRPV1 complex, thus interfering with TRPV1-mediated inhibition of TRPA1. Interestingly, a Tmem100 mutant was found to have the inverse effect, inhibiting TRPA1 activity by enhancing the association between TRPA1 and TRPV1 (32) . Based on this result, a synthetic peptide mimicking the Tmem100 mutant was designed and found to reduce pain behaviors induced by mustard oil, a TRPA1 agonist (32) . Like PIRT, Tmem100 is a small two-span membrane protein and is evolutionarily related to PIRT with 27% sequence identity between the human paralogs. In addition to TRP channel function being modulated by proteins like TRP channel-associated factors and PIRTs, there is emerging evidence that PIRT is an endogenous regulator of P2X purinergic receptors (16, 33) . As with TRP channels, P2X receptors are considered promising therapeutic targets and highlight the possibility of developing therapeutics based on targeting modulatory proteins such as PIRT.
In addition to TRP channels, many ion channels have been shown to be regulated by modulatory subunits. The voltagesensitive channel KCNQ1 (K V 7.1) is regulated in diverse ways by KCNE subunits, which are single span integral membrane proteins (34) . The five members of the KCNE family are known to modulate multiple different K V channels, resulting in changes in properties including current density, pharmacology, and activation and inactivation kinetics (35) . For example, KCNQ1 activation is dramatically slowed and current density increased when associated with KCNE1, whereas KCNE4 completely abolishes KCNQ1 currents (36, 37) . This functional relationship is further complicated by the fact that KCNE1 and KCNE4 can also co-associate with KCNQ1 to form heteromultimeric complexes (38) . Mutations in these subunits disrupt native currents and are associated with inherited cardiac arrhythmias including long QT syndrome, underscoring the physiological importance of ion channel modulation (39) . Another example is the ␤-subunits of BK channels (34) . In cochlear hair cells, differential expression of ␤1 and ␤4 subunits is a mechanism of tuning BK channels to facilitate appropriate electrical oscillation frequency (40, 41) , whereas the ␤2 subunit is responsible for inactivating BK channels in adrenal chromaffin cells (42) . Regulation by modulatory proteins is a well-established mechanism of enhanced functional diversity of ion channels; a single type of channel can be adapted for different roles in different tissue or cell types. TRP channels are likewise widely expressed and have diverse physiological roles; modulatory proteins like PIRT and Tmem100 (PIRT2) appear to be an additional mechanism that enhances functional diversity.
Previous studies have shown that the C terminus of PIRT binds to both TRPV1 and TRPM8, and the PIRT C terminus also binds to PIP 2 , a known regulator of TRP channel function (4, 14, 23) . In particular, the proximal C terminus of TRPV1 has been implicated in regulation by PIP 2 (23) . A FRET-based assay using the proximal C-terminal region fused to a cyan fluorescent protein showed a FRET signal when mixed with fluorescently labeled PIP 2 , indicating that this region binds PIP 2 . Deletion or neutralization of basic residues in this region eliminated TRPV1 capsaicin-activated currents; however, it was unclear whether this was due to disruption of PIP 2 binding or unrelated changes in channel trafficking or function. Cryo-EM structures of TRPV1 provide additional insight; the PIP 2 -binding region identified by Gordon and co-workers (23) is found at the end of a juxtamembrane helix following the S6 helix, near a region that is conserved in TRP channels called the TRP box, which protrudes beneath the S1-S4 domain (43) . This supports the notion that the S1-S4 domain might be involved in channel regulation by PIP 2 . The proximal C-terminal region of TRPV1 has also been shown to bind to PIP 2 ; this region is conserved across TRPV and TRPM channel families, and so the mechanism of PIP 2 regulation may also be conserved (4, 23) .
Our data show that PIRT binds specifically to the TRPM8 S1-S4 domain. Recently, cryo-EM structures of TRP channels from all subfamilies have become available. A general feature of these structures is that the aforementioned proximal C-terminal putative PIP 2 -binding site extends beneath the S1-S4 domain, placing them in close proximity. Also, TRPV family studies recently identified a potentially distinct phosphoinositide-binding site where PIP 2 binds residues in the S4 helix and S4 -S5 linker of PIP 2 -sensitive TRPV family channels (44, 45) . Taken together, these results suggest a possible regulatory mechanism in which PIRT and PIP 2 interact and exert their modulatory effects near the S1-S4 domain. Our data also suggest possible differences in channel activation mechanisms between cold, menthol, and voltage stimulation. Under cold stimulation, hPIRT expression resulted in attenuated current response even at physiological negative voltages (Fig. 1C) , whereas menthol and room temperature currents were only affected at positive voltages (Fig. 1, A and B) .
The transmembrane domain of TRP channels is an important functional nexus. For example, recent studies have elucidated that TRPM8-mediated thermosensitivity species differences in hibernating rodents can be recapitulated by swapping only six residues within the TRPM8 -TMD, similar to the number of divergent residues between mouse and human TRPM8 in our experiments (24) . Previous studies have shown that species differences between a small number of residues in the transmembrane core give rise to capsaicin sensitivity in TRPV1 and icilin sensitivity in TRPM8 (19, 25) . Additionally, the transmembrane domain of TRPA1 is sufficient to recapitulate temperature and agonist response of this channel (46, 47) . Given the importance of the transmembrane core in TRP channel function, we focused our search on this region. Human and mouse TRPM8 have few sequence differences, but electrophys- Figure 6 . A model of PIRT-TRPM8 complex stoichiometry. A, based on NMR titration data, PIRT binds the TRPM8 S1-S4 domain with a 1:1 stoichiometry. B, functional channels are homotetramers, suggestive that up to four PIRT proteins can simultaneously bind TRPM8. Thus, the number of PIRT proteins bound is a possible mechanism of further fine-tuning the channel activity.
iology measurements from chimeric channels demonstrate that these few differences have significant functional consequences. Swapping the 11 human mutations in the transmembrane core produced a channel that recapitulated the human phenotype of TRPM8 attenuation by hPIRT, indicating key functional determinants are found in these residues. Narrowing the chimeric region to the S1-S4 domain resulted in somewhat attenuated currents, whereas the pore domain chimera had significantly attenuated currents. Considering these results together with our data showing that PIRT binds the TRPM8 S1-S4 domain, it is possible that this domain is important for binding, whereas most of the functional effect is produced in the pore domain.
Besides interactions with hPIRT, swapping the three disparate residues found in the pore loop and TRP helix of hTRPM8 into mTRPM8 produced a channel that exhibited significantly increased overall current magnitudes compared with the TMD and S1-S4 domain chimeras. The region these residues are found is unresolved in the F. albicollis TRPM8 cryo-EM structure, but it is clear they are in the pore loop following the pore helix (27) . In structures of TRPM4, where equivalent post pore helix residues are resolved, these residues are outside of the selectivity filter, so they likely do not directly determine channel conductance (48 -50) . It is noteworthy that this increase in conductance is not seen in the mTRPM8 hTMD chimera, which also includes the pore loop and TRP helix changes. This is possibly a consequence of the spatial arrangement of these residues, as the TRP helix extends beneath the S1-S4 domain and plays a key role in channel gating regulation (27) .
Species divergence has been well-documented in other TRP channels (18 -20, 51, 52) . In particular, TRPM8 orthologs have significant differences in temperature sensitivity as a result of species-specific evolutionary pressure from environmental factors and thermoregulation (20, 24, 53) . Given this speciation it seems likely that a modulatory protein like PIRT would also be under evolutionary pressure to fine-tune a given TRP channel for a particular environmental niche. As PIRT is expressed exclusively in the peripheral nervous system (14) , its physiological interaction with TRPM8 may be limited to modulating thermosensation, and the differences between modulation of human and mouse TRPM8 by PIRT could reflect the different thermosensation requirements of the two species.
TRP channels, including TPRM8 are functionally diverse both within an organism and across species. Small modulatory proteins such as PIRT may provide a partial explanation for how a single TRP channel is physiologically repurposed for a variety of cellular needs.
Experimental procedures
Cell culture HEK-293 cells (ATCC CRL-1573) were authenticated by polymorphic genetic marker testing (DNA Diagnostics Center Medical). Cells were cultured in growth medium consisting of 90% Dulbecco's modified Eagle's medium, 10% fetal bovine serum, 100 units ml Ϫ1 of penicillin-streptomycin, and 2 mM L-glutamine (Gibco). Cells were cultured in 35-mm polystyrene dishes (Falcon) and experiments were conducted at 37°C in the presence of 5% CO 2 . Cells were transiently co-transfected with human or mouse gene orthologs of pIRES2-TRPM8 -EGFP and either ortholog of pIRES2-PIRT-DsRed or, as a negative control, the empty pIRES2-DsRed plasmid. These constructs express bicistronic mRNA with an internal ribosome entry site (IRES) positioned between the gene of interest (TRPM8 or PIRT) and the fluorescent protein reporter gene (EGFP or DsRed) such that the reporter is not covalently fused to the protein of interest. Transient transfection was achieved using FuGENE 6 transfection reagent (Promega) and 0.5 g of each plasmid in a 35-mm dish (Falcon) at a ratio of 3 l of transfection reagent per g of plasmid.
Electrophysiology measurements
Forty-eight hours after transfection, cells were released from culture dishes by brief exposure to 0.25% trypsin/EDTA and resuspended in supplemented DMEM; cells were then plated on glass coverslips and allowed to recover for 1-2 h at 37°C in 5% CO 2 . Cells that exhibited yellow (green and red markers) fluorescence, indicating successful co-transfection of both plasmids, were selected for electrophysiology measurements. Whole-cell voltage-clamp current measurements were performed using an Axopatch 200B amplifier (Axon Instruments) and pClamp 10.3 software (Axon Instruments). Data were acquired at 2 kHz and filtered at 1 kHz. Patch pipettes were pulled using a P-2000 laser puller (Sutter Instruments) from borosilicate glass capillaries (World Precision Instruments) and heat-polished using a MF-830 microforge (Narishige). Pipettes had resistances of 2-5 megohms in the extracellular solution. A reference electrode was placed in a 2% agar bridge made with a composition similar to the extracellular solution. Experiments were performed at 23 Ϯ 1°C unless otherwise noted. Cells were placed in a chamber with extracellular solution containing (in mM) NaCl 132, KCl 4.8, MgCl 2 1.2, CaCl 2 2, HEPES 10, and glucose 5, with the pH adjusted to 7.4 using NaOH and the osmolality adjusted to 310 mosmol using sucrose. Pipettes were filled with a solution containing (in mM) K ϩ gluconate 135, KCl 5, MgCl 2 1, EGTA 5, and HEPES 10; pH was adjusted to 7.2 with KOH, and osmolality was adjusted to 300 mosmol using sucrose. Chemicals were obtained from Sigma. Osmolality was measured using a Vapro 5600 vapor pressure osmometer (Wescor). At least 15 cells were recorded for each condition. Unpaired two-tailed Student's t tests were performed to determine statistical significance, and differences were considered significant at p Ͻ 0.05 as indicated by a single asterisk (*). A double or triple asterisk indicates p Ͻ 0.01 or p Ͻ 0.001, respectively.
For temperature-controlled experiments, extracellular solution was cooled using a Peltier-based perfusion system (ALA Scientific). For menthol perfusion experiments, a menthol stock solution was prepared by dissolving menthol in DMSO at a concentration of 100 mg ml Ϫ1 . This stock was then diluted with extracellular solution to 500 M menthol.
Cell-surface expression
A C-terminal human influenza hemagglutinin (HA) epitopetagged construct of hTRPM8 was generated. The tag sequence was as follows: YPYDVPDYA. An additional glycine residue
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was added before the tag sequence to promote structural flexibility. Functionality of the construct was verified by cold and menthol sensitivity in whole-cell patch clamp experiments where it behaved like WT TRPM8 (data not shown). HEK-293 cells were cultured in 100-mm dishes as described above. Three sets of five dishes were transfected with pIRES2-hTRPM8 -HA-EGFP/pIRES2-hPIRT-DsRed, pIRES2-hTRPM8 -HA-EGFP/pIRES2-DsRed (a positive control), or empty vectors (pIRES2-EGFP/pIRES2-DsRed, a negative control). After ϳ42 h, cells were washed twice with cold PBS (pH 7.4) and incubated with agitation in 0.5 mg ml Ϫ1 sulfo-NHS-SS-biotin (Thermo Scientific) in PBS for 30 min at 4°C. Cells were further washed three times in cold PBS, incubated with quenching solution (100 mM glycine in PBS) for 5 min, and then washed two additional times with cold PBS. Cells were lysed in 600 l of RIPA buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, 1% Nonidet P-40 substitute (4-nonylphenyl-PEG), 0.5% sodium deoxycholate, 0.1% SDS, pH 7.4) and incubated with tumbling at 4°C for 15 min. Lysate was centrifuged for 10 min at 14,000 ϫ g at 4°C. Protein concentration of the lysate was measured by BCA assay (Thermo Fisher), and a normalized volume of lysate was added to 150 l (75 l bed volume) of NeutrAvidin UltraLink resin (Thermo Scientific). Lysate was tumbled overnight at 4°C. Supernatant was collected, and resin was washed with RIPA buffer. Surface-expressed biotinylated protein was eluted in 2ϫ SDS-PAGE loading dye and analyzed by SDS-PAGE and Western blotting.
For hTRPM8 detection, the membrane was probed with a mouse monoclonal anti-HA primary antibody (Thermo catalogue number 26183, lots QK218547 and SA244939) diluted to 1:1000. For loading control, mouse anti-␤-actin primary antibody (Thermo catalogue number MA5-15739, lots QH220961 and SF253548) was diluted to 1:2000. In both cases, horse antimouse IgG secondary antibody (Cell Signaling Technology catalogue numbers 7076, lot 32) was diluted to 1:1500. Blots were developed with Clarity ECL blotting substrate (Bio-Rad) according to the manufacturer's protocol. Blots were imaged using a Nikon D610 DSLR camera and Nikkor 50-mm f/1.4G lens and processed using Photoshop (54) . In an effort to minimize experimental bias, the trafficking studies are from three independent sets of experiments that were carried out on independently transfected dishes of cells on different days.
Chimera generation
Human and mouse TRPM8 sequences were aligned using Clustal Omega. Chimeric regions were swapped with the pIRES2 vector using MEGAWHOP PCR (55) . The initial primer sequences for generating megaprimers are as follows: mTRPM8 hTMD : forward, GTCTATTCATTATCCCCTT-AGTGGGCTGTGGCTTTGTATCATTTAG; reverse, GACAA-CGAAGGGGAAGGGGATGTTTAGGCGGCTGCAGTAC-TCCTGCAC; mTRPM8 hS1S4 : forward, GTCTATTCATTAT-CCCCTTAGTGGGCTGTGGCTTTGTATCATTTAG; reverse, AACGTTCCATAGGTCGGTGAAATAATTCACTCCGTT-TACGTACCACTGTCTCACTTC; mTRPM8 hPD : forward, GGAGATGGATCTTCCGCTCTGTCATCTATGAGCCCT-ACCTGGCCATGTTC; reverse, GACAACGAAGGGGAAG-GGGATGTTTAGGCGGCTGCAGTACTCCTGCAC. Mega-primers were generated using PCR and purified using an agarose gel purification kit (Qiagen). Purified chimera plasmid DNA were verified by Sanger sequencing and transfected into HEK-293 cells for electrophysiology experiments as described above.
Expression and purification of hTRPM8 S1-S4 domain and hKCNQ1-VSD
Overexpression of the hTRPM8 S1-S4 domain was carried out as previously described and used in PIRT binding studies (29) . Briefly, N-terminal His 10 -tagged hTRPM8 S1-S4 domain was expressed and purified using a Ni 2ϩ -NTA column. The His 10 tag was removed by cleaving with restriction grade thrombin (Novagen). Following thrombin cleavage, the hTRPM8 S1-S4 domain was again flowed over a Ni 2ϩ -NTA column to eliminate the uncleaved His 10 -hTRPM8 S1-S4 domain. The voltage-sensing domain of the human KCNQ1 potassium channel (hKCNQ1-VSD) was expressed and purified according to a previously published protocol and used as a negative control in PIRT NMR binding studies (56) .
Expression and purification of hPIRT
Recombinant hPIRT was expressed with a His 6 tag on the N terminus in a pET16b vector and grown in BL21 Star (DE3) Escherichia coli at 25°C in M9 minimal media with 100 g/ml of ampicillin and enriched with 1 g/liter of ( 15 N) ammonium chloride. 0.5 mM Isopropyl 1-thio-␤-D-galactopyranoside was used to induce expression of hPIRT at OD 600 nm of 0.6, and cells were allowed to express for 20 h.
Cells were harvested by 6,000 ϫ g centrifugation at 4°C. The resulting cell pellets were resuspended in a lysis buffer (75 mM Tris-HCl, 300 mM NaCl, 0.2 mM EDTA, pH 7.7) with 20 ml/g of cell pellet. Lysozyme (0.2 mg/ml), RNase (0.02 mg/ml), DNase (0.02 mg/ml), 1 mM phenylmethanesulfonyl fluoride (Sigma), and 5 mM magnesium acetate were added and the solution was tumbled for 30 min at room temperature. Cells were then lysed by sonication using a Misonix Ultrasonic Liquid Processor at 4°C with a 50% duty cycle (5 s on, 5 s delay). Empigen (Sigma) was then added to 3.5% (v/v) and the lysate was allowed to rotate at 4°C for 30 min. The cellular lysate was then centrifuged for 20 min at 20,000 ϫ g; the pellet was then discarded and the supernatant was used for PIRT purification. Ni-NTA Superflow resin (Qiagen; 2 ml of resin/g of cell pellet) was added to the supernatant and allowed to rotate at 4°C for 30 min. The resin and supernatant mixture were then packed into a chromatography column and washed with 10 column volumes of primary buffer (40 mM HEPES, 300 mM NaCl, 3% (v/v) Empigen, pH 7.5). Ten column volumes of secondary buffer (1.5% Empigen, 30 mM imidazole, 40 mM HEPES, 300 mM NaCl, pH 7.5) was then used to wash nonspecific binding proteins from the resin. This was followed by 5 column volumes of tertiary buffer (0.2% DPC, 25 mM sodium phosphate, pH 7.2) used to exchange detergents from Empigen to dodecylphosphocholine (DPC, Avanti Polar Lipids). Last, the protein was eluted from the resin with an elution buffer (0.5% DPC, 300 mM imidazole, 25 mM sodium phosphate, pH 7.8). All of the buffers used for chromatography contained 2.2 mM ␤-mercaptoethanol (Sigma) that was added immediately prior to purification.
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Following nickel affinity chromatography, hPIRT was subjected to ion exchange chromatography. The high concentration of imidazole, 300 mM, was decreased to Ͻ1 mM by ultrafiltration, using an Amicon Ultra-15 centrifugal filter unit with 10-kDa cutoff. The protein solution was then bound to a 1-ml cation exchange column (GE Healthcare, HiTrap SP FF) using an AKTA Pure FPLC with low salt buffer (0.2% DPC, 50 mM HEPES, 50 mM NaCl, pH 7.5) and eluted with high salt buffer (0.5% DPC, 50 mM HEPES, 1 M NaCl, pH 7.5). After purification steps, total yield of hPIRT was ϳ2 mg/liter of minimal media. For NMR experiments, the resulting eluent was then buffer exchanged to phosphate buffer (20 mM sodium phosphate, 0.5 mM EDTA, and pH 6.5) using an Amicon Ultra-4 centrifugal filter unit with 10-kDa cutoff to a final volume of 180 l with a resulting concentration of 0.5 mM protein. The sample plus 4 l (2% v/v) of D 2 O were loaded into a 3-mm NMR tube (Bruker).
hTRPM8 S1-S4 domain and hPIRT pulldown experiment
To test whether the hTRPM8 S1-S4 domain and hPIRT directly interact in vitro, the hTRPM8 S1-S4 domain and His 6 -hPIRT were expressed in E. coli and purified in 25 mM Na 2 HPO 4 (pH 7.3) containing ϳ1% DPC (about 28 mM which is about 19 times the critical micelle concentration). 50 g each of hTRPM8 S1-S4 domain (after thrombin cleavage and removal of the ϫ10 His tag) and His 6 -hPIRT were mixed with continuous tumbling for 12 h at room temperature. This was followed by incubation with 100 l of Ni-NTA resin for 2 h at room temperature. After Ni-NTA interaction, unbound protein in the supernatant was separated by centrifugation at 3000 ϫ g for 2 min using a benchtop centrifuge (Thermo Scientific). Protein-bound Ni-NTA resin was washed with 6 ml (60 column volumes) of 25 mM Na 2 HPO 4 (pH 7.3) buffer containing 0.25% DPC (w/v, ϳ7 mM) followed by elution of the bound protein using the same buffer containing 500 mM imidazole. The eluted protein fractions were analyzed on 16% Tris glycine SDS-PAGE.
hPIRT-hTRPM8 S1-S4 domain and KCNQ1-VSD NMR titration
For 15 N-labeled hPIRT, 1 H, 15 N-TROSY-HSQC experiments were acquired at 40°C on a Bruker 850 MHz ( 1 H) spectrometer with a helium cooled 5-mm TCI cryoprobe and Avance III HD console. 128 transients, with 2048 points in the direct and 128 points in the indirect dimension, of hPIRT without the hTRPM8 S1-S4 domain were recorded and analyzed as the initial titration point. After the initial titration point was recorded, the sample was removed and the TRPM8 S1-S4 domain added to the desired mole ratio and concentrated to 180 l; iterations of this were done to produce several titration points at mole ratios ranging from 0:1 to 2:1 hTRPM8 S1-S4 domain:hPIRT. As a negative control, the same protocol was performed with the KCNQ1-VSD.
NMR data were processed in NMRPipe and analyzed with CcpNmr analysis (57, 58) . The change in chemical shifts (⌬␦) were plotted and compared with reference resonances, where ⌬␦ ϭ [((⌬␦ H ) 2 ϩ [0.2((⌬␦ N )] 2 ] 1/2 . Dissociation constants were extracted using the nlinfit function in Matlab R2013a and a single binding site model with the equation: f(x) ϭ (x)(B max )/ (K d ϩ x) , where B max is the maximal change in chemical shift observed for a given resonance upon saturation with ligand (hTRPM8 S1-S4 domain), K d is the dissociation constant, x is the hTRPM8 S1-S4 domain:hPIRT ratio, and f(x) is correlated to the absolute value of the change in chemical shift (⌬␦).
